Aims. We aim to systematically investigate the cores of a sample of fossil galaxy groups and clusters ("fossil systems") using Chandra data to see what hints they can offer about the properties of the intracluster medium in these particular objects. Methods. We chose a sample of 17 fossil systems from literature with archival Chandra data and determined the coolcore fraction for fossils via three observable diagnostics, namely the central cooling time, cuspiness, and concentration parameter. We quantified the dynamical state of the fossils by the X-ray peak/brightest cluster galaxy (BCG) separation, and the X-ray peak/emission weighted centre separation. We also investigated the X-ray emission coincident with the brightest cluster galaxy (BCG) to detect the presence of potential thermal coronae. A deprojection analysis was performed for fossils with z < 0.05 to resolve subtle temperature structures, and to obtain the cooling time and entropy profiles. We also investigated the LX − T relation for fossils from the 400d catalogue to test if the scaling relation deviates from what is typically observed for other groups. Results. Most fossils are identified as cool-core objects via at least two cool-core diagnostics with the population of weak cool-core fossils being the highest. All fossils have their dominant elliptical galaxy within 50 kpc of the X-ray peak, and most also have the emission weighted centre within that distance. We do not see clear indications of a X-ray corona associated with the BCG unlike that has been observed for some other clusters. Fossils lack universal temperature profiles, with some low-temperature objects generally not showing features that are expected for ostensibly relaxed objects with a cool-core. The entropy profiles of the z < 0.05 fossil systems can be described well by a power law with shallower indices than what is expected for pure gravitational processes. Finally, the fossils LX − T relation shows indications of an elevated normalisation with respect to other groups, which seems to persist even after factoring in selection effects. Conclusions. We interpret these results within the context of the formation and evolution of fossils, and speculate that non-gravitational heating, AGN feedback in particular, could have had an impact on the ICM properties of these systems.
Introduction
Clusters of galaxies are the largest gravitationally bound structures in the Universe, with an aggregate mass between a few times 10 13 M ⊙ and 10 15 M ⊙ . Consisting of galaxies, hot X-ray emitting gas (the intracluster medium-ICM) and dominated by dark matter, these objects are unique in their application to study both cosmology and astrophysics. On the lower mass end, these systems are sometimes called as groups, to indicate a smaller aggregation of galaxies. The distinction between groups and clusters is quite loose, with definitions in literature based on optical richness or simply a mass/temperature cut (e.g. Stott et al. 2012) .
Within the existing division of groups and clusters, lie an ostensibly 'special' class of systems called as fossil systems; systems which are dominated by a single, bright, elliptical galaxy and deficient in other bright galaxies. The first fossil group was reported by Ponman et al. (1994) who showed the existence of a system at redshift 0.171 which had a large, X-ray halo associated with an elliptical galaxy. The choice of nomenclature 'fossil' is used to indicate a class of systems which is a remnant of galaxy merging, with hot X-ray gas and an elliptical galaxy the only remnants of this process. A 'formal' definition for a fossil system was provided by Jones et al. (2003) who defined it as a spatially extended X-ray source with luminosity larger than 10 42 h −2 50 erg/s with an optical counterpart wherein the magnitude difference between the first and second brightest galaxy is greater than or equal to 2 in the Johnson R band. Simulations by Dariush et al. (2007) show that systems selected by this criterion represent a class of objects which assemble a higher fraction of their mass at high redshift as compared to non-fossils, further justifying their tag of being early-forming 'old' systems. This formal definition, however, is open to contention as pointed out again by Dariush et al. (2010) who argue via simulations that a magnitude difference of 2.5 between the first and fourth brightest galaxy identifies 50% more early formed systems.
The most widely acknowledged formation scenario for these systems is one wherein dynamical friction causes galaxies close to the centre of the group to merge and leave behind a large elliptical galaxy and a hot X-ray halo (e.g. D 'Onghia et al. 2005 ). An outstanding question is if the properties of fossil systems make them a special class of systems. Also, it is still unclear whether they are the final stages of mass assembly or are merely a temporary state in the formation of larger clusters.
La Barbera et al. (2009) argue that fossils are not special, and merely represent the final stages of mass assembly in a region without enough surrounding matter. Simulations by von Benda-Beckmann et al. (2008) claim however, that the 'fossil' phase is a temporary one and the magnitude gap would end by renewed infall from the surroundings. Adding to the confusion are results by Proctor et al. (2011) who argue that the high mass to light ratios of these systems and their low richness are not predicted by any current model of fossil formation. Pierini et al. (2011) argue that compact groups are the progenitors of low-mass fossils, while more massive fossil systems are formed by an early infall of massive satellites, hinting that a singular explanation for the formation of fossils might be inadequate.
Very few fossil systems have been thoroughly studied, which adds to the lack of sound conclusions on their formation and evolution (e.g. Mulchaey & Zabludoff 1999; Khosroshahi et al. 2004; Sun et al. 2004 ). X-ray sample studies of fossil systems, which could provide us additional details, are even rarer (e.g. Khosroshahi et al. 2007; Miller et al. 2012; Harrison et al. 2012 ) and have focused more on global properties such as X-ray luminosity, temperature and mass. Till date, there has never been a detailed and focused investigation of the cores of a sample of fossil systems in X-rays, particularly with respect to their cool-core properties.
The cores of galaxy clusters and groups offer important hints on the dynamical state of the ICM in the central regions, e.g. systems which are morphologically disturbed, generally have long central cooling times (CCTs) and elevated central entropies as compared to relaxed systems which show much shorter CCTs and lower central entropies. The clusters with the strongest cooling, namely the strong cool core (SCC) clusters, show very short CCTs (≤ 1 Gyr), low entropies (≤ 30 keV cm 2 ), and central temperature drops (Hudson et al. 2010 ). This is not necessarily true on the group regime, where there are examples of systems which do not show any indication of cool gas in the cores despite short CCTs and low entropies (e.g. Bharadwaj et al. 2014) . Feedback also plays an important role in cluster/group cores as without it, there would be catastrophic cooling with very high mass deposition rates, inconsistent with observations (e.g. Peterson et al. 2001; Tamura et al. 2001; Kaastra et al. 2001; Peterson et al. 2003; Sanders et al. 2008) . Where do fossil systems fit in this picture? What hints can the cool core properties of these systems offer in terms of their formation and evolution? These are the questions we attempt to address in this paper.
This paper is organised as follows: Section 2 deals with the data and analysis. We present our results and discuss them in section 3. A short summary is presented in section 4. Throughout this work, we assume a ΛCDM cosmology with Ω m = 0.30, Ω Λ = 0.70 and h = 0.70 where H 0 = 100h km/s/Mpc, unless stated otherwise. All errors are quoted at the 68% level. Log is always base 10 here.
Data and Analysis

Sample
For this study, we selected a sample of 17 fossil systems and candidates spanning a large redshift range (from ∼ 0.01 to ∼ 0.4) with good quality archival Chandra data (t exp ≥ 10 ks) as required for exploring the properties under consideration here. Chandra was preferred over XMM-Newton due to its superior spatial resolution which makes it easier to probe the central regions which is the major focus of the work. Though the systems were categorized as fossil systems through different techniques, qualitatively the basic selection criteria of a lower X-ray luminosity threshold and a magnitude difference between the first and second brightest galaxies, is maintained for all of them. We also endeavoured to study the L X − T relation for those fossil systems selected from the 400d cluster sample (Sec. 3.6) for which we analysed XMM-Newton data for one more fossil group, which was not included for the other studies. Table 1 summarises the basic information of the sample with redshifts and literature sources.
Basic data reduction
Most of the data reduction steps were similar to that followed in Bharadwaj et al. (2015) and Bharadwaj et al. (2014) and we describe them here briefly. CIAO 4.4 1 with CALDB 4.5.0 was used for the data reduction for all but one object-cl1416p2315. While the manuscript was under review, a very recent (2014), and much deeper observation of cl1416p2315 was made available in the Chandra archives which we analysed with CIAO 4.7 and CALDB 4.6.7, to account for changes in the ACIS time-dependent gain and to use the proper blank-sky background files. This is unlikely to have an effect on other objects in our sample which have much older observations, and is already accounted for in CALDB 4.5.0, and therefore we decided not to re-analyse them. Other than these changes, all the steps that were carried out were exactly the same.
The chandra_repro task reprocessed the data and removed afterglows, created the bad-pixel table and applied the calibration. The lc_clean algorithm was used to filter the soft proton flares, with the lightcurves visually inspected to check for any residual flaring. Point sources were detected and excluded from further analysis with the wavdetect wavelet algorithm. Since our focus is on the bright, central regions, background subtraction for the spectral and surface brightness analysis was done throughout using the blank sky background files. The X-ray emission peak (EP) was determined in an exposure corrected, point source subtracted image using the CIAO tools built into ds9 with a pixel scale of 2.
For extracting spectra, we created annular regions with a minimum source counts threshold of 1000. This ensured that the annuli are sufficiently small and at the same time does not sacrifice too much on the signal to noise. The resultant spectra were fit with an absorbed APEC model in the 0.7-7.0 keV energy range, with the n H value taken from the built in n H ftools which outputs the value from the Leiden/Argentine/Bonn (LAB) survey (Kalberla et al. 2005) . The abundance was kept thawed for the spectral fit and in cases where we could not get a reasonable constraint on the value, we froze it to 0.30. We used the Anders & Grevesse (1989) abundance table throughout.
The surface brightness profile (SBP) was obtained by centring on the EP in the 0.5-2.0 keV energy band. This SBP was then fit by a single or double beta model Table 1 . The sample of fossil systems. The starred entry represents the system which was only considered in the L X − T study. Columns are (1) name of the fossil system, (2) redshift (3) literature sources. Cavaliere & Fusco-Femiano 1976) given by:
(1)
(2) where x ci is the core radius. This in turn gave us the electron density profile for the single and double beta cases as:
where r c is the physical core radius. The central electron density n 0 for the single beta case is given by:
Here, N is the normalisation of the APEC model in the innermost annulus, ζ is the ratio of electrons to protons (∼ 1.2), D A is the angular diameter distance and D L is the luminosity distance. EI is defined as:
where R is the radius of the innermost annulus. Similarly, for the double beta case, n 0 (Appendix A of Hudson et al. 2010 ) is given by:
with the same definitions as before. LI i is the line emission measure and is defined as:
To estimate the uncertainty on n 0 , we conducted Monte Carlo simulations where the surface brightnesses were varied within their errors to generate new SBPs. These new SBPs were then fit again to a single or double beta model which was then used to determine n 0 (the APEC normalisation is also varied each time within the errors). The process was repeated 500 times to get a distribution for the values of n 0 , and the standard deviation of the distribution gives the uncertainty on the measured n 0 .
Cool-core analysis
The most robust parameter to identify the cool-core nature of an object is the CCT (Hudson et al. 2010) , a quantity that is dependent on the central temperature and the central density. But, considering that most (59%) of our objects have a redshift ≥ 0.1, the determination of the CCT becomes problematic given that it is difficult to resolve the temperature profile for these objects in the central regions. Moreover, in some cases the data quality is not good enough to determine a temperature profile. Thus, in addition to the CCT, we used two other diagnostics, namely, Cuspiness α and concentration parameter c SB , both of which have been shown to have a strong correlation with the cooling time (e.g. Santos et al. 2010; Hudson et al. 2010) . Indeed, recent studies of high redshift systems have used these two quantities to identify their CC nature (e.g. Semler et al. 2012; Pascut & Ponman 2015) . In our study, if a fossil satisfied two out of three CC diagnostics, it was classified as a CC system.
The CCT is given as:
where n i0 and n e0 are the central ion and electron densities, respectively, and T 0 is the temperature in the innermost an-nulus. As with Hudson et al. (2010) and Bharadwaj et al. (2014) we took the value of central density values to be the value at r = 0.004r 500 . To estimate r 500 , we first determined the virial temperature (T vir ) in a single region centred on the EP, which extended to the outermost boundary of the outermost temperature bin. The size of this region effectively corresponds to 0.3-0.5r 500 for most objects, where the temperature gradient is not too significant (see Fig. 2 right, appendix A). We then used the following scaling relation by Evrard et al. (1996) to determine r 500 as was done in Hudson et al. (2010) and Bharadwaj et al. (2014) :
To determine T vir for Cl1038p4146 we used the XMMNewton data sets which were analysed with the standard pipelines as illustrated in Schellenberger et al. (2015) . Spectrum was once again extracted in a single region centred on the EP. Note that temperatures determined from Chandra and XMM-Newton can differ significantly as shown by Schellenberger et al. (2015) and hence to remain consistent, we used the formula given in that study to convert the XMM-Newton temperature to Chandra temperature:
There are five fossil systems for which we could not obtain a temperature profile. Hence, for these objects we assumed T vir to be the central temperature while constraining the CCT. To estimate the uncertainties on the CCT for these objects, we conservatively assumed the lower bound of the temperature to be 0.6 times of T vir (the largest central temperature decrement observed for nearby fossils, i.e. ES0306) and the upper bound to be 1.25 times T vir (the largest central temperature increment, i.e. NGC 6482). A CC system has a CCT < 7.7 Gyr.
The Cuspiness α (Vikhlinin et al. 2007 ) is defined as:
which in model parameters (Hudson et al. 2010) for the single beta model is expressed as:
and for the double beta model is:
Here, Σ 12 , LI 1 and LI 2 are as defined for the CCT, b i and b ′ i are defined as:
and
respectively. In both single and double beta cases, r = 0.04r 500 . A CC system has α ≥ 0.5. The error on α is once again determined by Monte Carlo simulations as with n 0 . The concentration parameter c SB (Santos et al. 2008 ) is given as:
where Σ is the integrated surface brightness within the defined radii (40 and 400 kpc). A CC system has c SB ≥ 0.075. As the z < 0.05 fossils are too close for estimating the surface brightness within 400 kpc, we did not determine c SB for these systems. Table 2 summarises the CC properties of the fossil systems. We find that 14 out of 17 systems, i.e., 82% are cool core systems, as evidenced by at least two out of the three CC diagnostics. If one uses the CCTs, we observe a range of values from a minimum of 0.124 Gyr to a maximum of 24.2 Gyr. The sub-classifications of the fossil systems using just the CCTs are 29% SCC (CCT < 1 Gyr), 53% WCC (1 ≤ CCT < 7.7 Gyr), and 18% NCC (CCT ≥ 7.7 Gyr).
Results and Discussion
Cool core properties
As we have already pointed out, it is not always possible to determine the CCT and this becomes especially true for X-ray survey data (e.g. eROSITA). Thus, we also state the effect of using one CC parameter alone. With only the cuspiness, we identify 76% of the fossil systems as CC systems. If one uses the concentration parameter alone, we observe that 67% of the systems are selected as CC systems (though it's quite likely that the z < 0.05 fossils will also have c SB > 0.075, in which case the fraction would go up to 76%).
Thus, if one were to simply use a single quantity to identify CC groups, conservatively, one would get a lower limit on the fossil CC fraction of 67% and an upper limit of 82%, i.e. qualitatively there are indications that a majority of fossil systems are CC systems, albeit as the cooling times indicate, most seem to be WCC systems. Fig. 1 shows the relation between the CCT-α and CCT-c SB and despite the scatter, it is clear that the anti-correlation trend between the quantities is quite strong with Spearman correlation coefficients of -0.91 and -0.80 respectively.
Assuming no significant effect of selection bias on the sample, to the best of our knowledge, this is the first demonstrated result that suggests that most fossils are in fact cool-core systems based on observable diagnostics. The fraction of cool-core fossil systems is marginally higher than that typically reported for objectively selected group (77%, Bharadwaj et al. 2014 ) and cluster samples (72%, Hudson et al. 2010 ), though we do point out that studies have shown that cool-core fractions are generally over-estimated in flux-limited samples of clusters (e.g. Hudson et al. 2010; Eckert et al. 2011; Mittal et al. 2011) . The high cool-core fossils fraction is not totally unexpected as it is generally assumed that fossils are among the most relaxed clusters/groups in the Universe and hence should have pronounced cool-cores with very short CCTs. What is more intriguing is the fact that the WCC fraction is the highest among the three classes, and the population of WCC and NCC fossils combined together (collectively called non-strong cool-cores; NSCCs) exceed the SCC fossils population. This is not what one would naively expect Table 2 . Cool-core diagnostics of the fossils. The columns are (1) name of system, (2) coordinates (J2000) of the EP, (3) virial temperature of fossil, (4) central cooling time, (5) cuspiness, (6) concentration parameter, (7) cool-core or not, via any two diagnostics. Starred entries represent fossils for which the CCT was determined using T vir . 
YES
from ostensibly relaxed objects such as these and are first indications of an impact of non-gravitational processes on the fossil ICM.
EP-BCG/EP-EWC separation
We also quantified the dynamical state of the fossil system via two properties, namely the emission peak-emission weighted centre (EWC) separation and the central elliptical galaxy-EP separation, i.e. the BCG-EP separation. These are reasonable indicators of whether the system is relaxed or not, as large values for these numbers would indicate a disturbed system (e.g. Hudson et al. 2010 ).
The EWC was determined iteratively in a point source subtracted, exposure-corrected image by starting off from the EP as was done in Hudson et al. (2006) . The positions of the BCG were taken from literature and was confirmed from the NASA extragalactic database (NED) 2 . Table 3 shows the EP-EWC and EP-BCG separation. All fossils have their BCG located within 50 kpc of the Xray peak. The EP-EWC peak shows a wider range of values with four fossils (24%) having a separation ≥ 50 kpc. There is an anti-correlation trend of the EP-EWC separation with the Cuspiness with a Spearman correlation coefficient of -0.86, i.e. cool-core fossils have a smaller separation and vice-versa (Fig. 2, left) Despite most fossils having an EP-EWC separation less than 50 kpc, again such a large variation in EP-EWC values is not naively expected for ostensibly relaxed systems such as fossils. Figure 2 , right and appendix A shows the scaled temperature profiles for the fossil systems for which we could obtain one (12 objects). There's a great degree of variation in 2 http://ned.ipac.caltech.edu/ the profile shapes with temperature drops and flat shapes for the fossil systems and we fail to pinpoint a "typical" temperature profile for the fossils. The high redshift, high temperature systems show temperature profiles that are expected for a SCC/WCC cluster, i.e. indications of a temperature drop for the SCC objects and a relatively flat profile for the WCC objects (Hudson et al. 2010) . NGC 6482 shows a profile that rises all the way to the centre which has been reported thoroughly in previous studies of the object (Khosroshahi et al. 2004) . NGC 1132 shows an almost a flat profile with barely a decline towards the centre. ESO306, RX J0454.8-1806, and UGC00842 lacks a smooth temperature decline towards the centre which while potentially indicative of a cool-core, shows that it's a truncated one. One possibility for the shape of such a temperature profile could be emission from the BCG, which we discuss in Sec. 3.4. A deprojection analysis (Sec. 3.5) for the z < 0.05 systems indicates the imprint of a heating process such as AGN. Indeed, only cl1159p5531 shows the "classic", peaky temperature profile observed for low-temperature groups with a SCC (e.g. Sun et al. 2009; Eckmiller et al. 2011 ) versus that for SCC clusters which show flattening at intermediate radii. (e.g. Vikhlinin et al. 2006 ).
Temperature Profiles
Potential emission from the BCG
As shown in Table 3 most fossils have a BCG which is very close to or on the X-ray peak. The source detection tool wavdetect manages to detect sources which seem to be coincident with the BCG in most cases and we explored whether part of the emission in the core regions comes from the BCG itself, i.e. if they are coronae which consists of gas of stellar origin. This could in principle also explain the truncated "cool-cores" seen in objects such as UGC00842, ESO306, and RX J0454.8-1806. To study this emission, we focused our attention only on the fossil systems with z < 0.1, as it becomes harder to resolve potential coronae for high redshift objects. Using the regions generated by wavdetect we extracted spectra which were fit to an absorbed APEC model. The regions used for the spectral extraction are of the order of a few kpc, which is the typical size of a corona. We kept the temperature, abundance, and normalisation as the free parameters. The best-fit values were used to determine the X-ray luminosity using Xspec in the 0.5-2.0 keV band, which was then compared with the ROSAT luminosity of the fossil, to determine the strength of this "corona" emission. Our estimated temperatures from the spectral fit is in most cases much higher (≥ 1 keV) than that is typically observed for the corona class. Moreover, the X-ray luminosity of the emission is in the order of 10 41 erg/s which is an order of magnitude higher than what is typically observed for coronae (Sun et al. 2007 ) and can account for as much as 17% of the total fossil ROSAT luminosity. Lastly, the abundances are much lower (median of 0.28) than what has been reported for true coronae (0.8, Sun et al. 2007 ) which gives indications that the detected emission might not be completely of stellar origin, though we do point out that there is evidence from literature for low-metallicity coronae as well (e.g. Sanders et al. 2014b) . One strong possibility is that the stellar content has mixed with the surrounding dense ICM. Table 4 shows the properties of the emission associated with the BCG.
Deprojection analysis of z < 0.05 fossils
In order to explore thermodynamic properties of fossil systems in detail, we focused in particular on the low redshift (z < 0.05) fossils (five in total, namely, NGC 6482, NGC 1132, ESO306, RXJ 0454.8-1806, UGC 00842) and performed a deprojection analysis. To do this, we adopted the MBPROJ code (Sanders et al. 2014a ) which is based on the surface brightness deprojection method of Fabian et al. (1981) and is used to estimate the ICM thermodynamical properties from the surface brightness profiles. This method potentially has the advantage of resolving the extreme inner regions of the galaxy group which cannot be probed with traditional spectral analysis in the absence of very high quality data. Additionally, this is a good opportunity to test the code on low temperature groups to see how well the results agree with spectral analysis and test the usability of the code for situations where spectral analysis would not be possible (e.g. survey data).
For purposes of brevity we refrain from describing the code in detail and guide the reader to the aforementioned paper. The relevant information for this particular study are as follows:
-Surface brightness profiles were extracted in the 0.5-1, 1-1.5, 1.5-2.5, 2.5-7 keV bands. -We focused only on the "null potential" case for this particular study. This particular case does not assume hydrostatic equilibrium and essentially corresponds to low resolution spectral fitting. The advantage of this case is that it prevents the thermodynamic profiles from being biased due to assumption of hydrostatic equilibrium. The null potential case can be used to estimate thermodynamic properties with and without linear interpolation of the temperatures between the bins. The non-interpolation case assumes the temperature is the same in groups of three density bins. For the scientific discussion here, we focused only on the profiles which do not involve linear interpolation of the temperatures. -The abundance is assumed to be 0.3Z ⊙ throughout. Figure 3 shows a comparison of the temperature profiles from the spectral analysis and MBPROJ. The code does a good job of recovering the shape of the temperature profiles though some deviations are seen for NGC 1132 and NGC 6482 which could be due to the extremely low temperatures of these systems (1.2 and 0.75 keV respectively), and possible projection effects. For the hotter groups, the agreement is much better. Overall though, MBPROJ seems to be a competitive code even on the group regime and would be particularly useful for eROSITA data where most systems would be galaxy groups and would lack sufficient counts for a direct spectral temperature estimate (Borm et al. 2014) . Figure 4 shows the cooling time and the entropy profiles of the fossil systems. The cooling time profiles can be well-described by a powerlaw with an index varying from 1.06 ± 0.03 to 1.20 ± 0.05 for the five systems. Hudson et al. (2010) define the cooling radius as the radius at which t cool = 7.7 Gyr. For these five fossils, namely, NGC 1132, RX J0454.8-1806, ESO306, NGC 6482, and UGC 00842, this corresponds to 43 kpc, 36 kpc, 51 kpc, 54 kpc, and 30 kpc respectively. However, as shown in Fig. 3 , the region with the cool gas (if present) is generally much smaller than the cooling radius. MBPROJ detects cool gas out to 3 kpc for NGC 1132, 12 kpc for RX J0454.8-1806, 9 kpc for ESO306, 0 kpc for NGC 6482, and 19 kpc for UGC 00842. Thus, all these systems seem to lack a group-sized cool-core and the region of cool gas is not commensurate to the region of short cooling times. As argued above, it seems unlikely that the cool gas component is emission purely associated with the BCG.
The derived entropy profiles can also be well-described by a powerlaw of the form K(r) = K 100 × (r/100 kpc) m as has been used in studies such as e.g. Cavagnolo et al. (2009) and Panagoulia et al. (2014) . When the profile is fit with the above function, a powerlaw index that is substantially lower than 1.1 is obtained; which is what is expected for pure gravitational processes (e.g. Tozzi & Norman 2001) . Cavagnolo et al. (2009) also fit their entropy profiles with a powerlaw model with an additional component for a nonzero core entropy, i.e. K(r) = K 0 + K 100 × (r/100 kpc) m . We also added this component to see if it has an effect on the fitted entropy profile. As shown in Table 5 , the index is still much lower than 1.1, and in some cases, K 0 takes unphysical negative values. Qualitatively, this agrees with the results of Panagoulia et al. (2014) who showed that the entropy profiles of a sample of galaxy groups and clusters can be sufficiently described by only a powerlaw without indications of any core-flattening. We also compared the scaled entropy profiles to the baseline entropy profile of Pratt et al. (2010) , which is defined as:
where K 500 is as defined in Pratt et al. (2010) and is dependent on M 500 . To estimate M 500 we used the M 500 − T scaling relation from Arnaud et al. (2005) . As is evident in Fig. 4 there is a significant entropy excess over the baseline entropy profile for the fossils within the radial ranges probed here, and the profile is considerably flatter as compared to the baseline profile. The shallow slopes, and the elevated entropies over a substantially large radial range Table 4 . X-ray emission coincident with the BCG for z ≤ 0.1 fossils. Columns are (1) Name of group, (2) Temperature, (3) metallicity, (4) X-ray luminosity from Xspec, (5) "Corona" luminosity as percentage of ROSAT luminosity is indicative of a strong influence of non-gravitational processes on the properties of the ICM, which we discuss in greater detail in Sec. 3.7.
L X − T relation for 400d fossil systems
The L X − T relation is an interesting scaling relation which can give insights into the baryonic physics at play in the ICM as the physics affects both quantities, T and L X . For example, clusters with cool-cores/non-cool cores have L X − T relations with different slopes and normalisations, and excising the core regions result in a lowered intrinsic scatter (e.g. Pratt et al. 2009; Mittal et al. 2011; Maughan et al. 2012) . Note that along with cool-cores and possibly AGN feedback, selection effects can also play a significant role in determining "true" scaling relations as has been shown by several authors before (e.g. Ikebe et al. 2002; Stanek et al. 2006; Pacaud et al. 2007; Mantz et al. 2010; Mittal et al. 2011; Lovisari et al. 2015; Bharadwaj et al. 2015 ; also see Giodini et al. 2013 section 7, for a review). Thus, simply using a sample of clusters/groups to construct scaling relations without accounting for potential selection effects would not result in an accurate description of the underlying properties of the objects. In this work, there are seven fossil systems from the 400d catalogue (out of 12). The 400d catalogue has fairly well-defined selection criteria, making it relatively easy to account for selection effects, and study if the L X − T scaling relation for fossils show features that are different to non-fossils. To compare the results here, we used the groups in the Bharadwaj et al. (2015) study. To maintain consistency with that study, we used the best-fit virial temperatures and abundances of the fossils, to convert the catalogue ROSAT (0.5-2.0 keV band) luminosities into bolometric luminosities (0.01-40 keV band).
To determine the scaling relation, we used the BCES (Y|X) code by Akritas & Bershady (1996) and the fits were performed in Log space using the fitting function:
This gives a slope of 2.09 ± 0.24 and normalisation (log) of 0.29 ± 0.04. The observed scaling relation for groups in the Bharadwaj et al. (2015) has a slope of 2.17 ± 0.26 and normalisation of −0.01 ± 0.09. To ensure that our choice of region for the temperature determination was not biasing our results, we performed a test by estimating the temperatures in a fixed region of 3 arcmin for all the 400d fossils (effectively corresponding to a median of ∼ 0.5r 500 ) and redid the scaling relation. No significant changes were found. The observed scaling relation gives us first indications that fossils seem to be more X-ray luminous for a given T (Fig. 5,  left) , relative to non-fossils, though this could simply be due to selection effects.
To investigate this further, we performed an additional test where we froze the slopes for both the fossils and groups to 3.0, and only fit the normalisation for both samples. The value of 3.0 for the slope was chosen as generally most groups and clusters can be described well by this particular slope, after factoring in selection effects. The fossils now have a normalisation of 0.38 ± 0.11 and the groups sample have a normalisation of 0.22 ± 0.13. We now proceeded to remove the influence of selection effects on the normalisation of the scaling relation for both samples by generating mock samples of objects like in Bharadwaj et al. (2015) by varying the input normalisations. For each mock sample, the slope was always fixed to 3, and the intrinsic scatter fixed to the observed values. Flux and luminosity cuts were applied to both the 400d sample and the groups sample to match the true sample of objects. For the 400d fossil sample, the selection criteria were taken from Voevodkin et al. (2010) , and can be described as follows: a lower flux cut of 1.4 × 10 −13 erg/s/cm 2 , an upper redshift cut of 0.2, and a lower luminosity cut of 10 43 erg/s. Here, fluxes and luminosities are in the ROSAT (0.5-2.0 keV) band. After performing the bias-corrections, the fossils scaling relation has a normalisation of 0.30 ± 0.10 vs. 0.0078 ± 0.13 for the groups, indicating that the large normalisations seem to persist even after accounting for selection effects. Despite a nearly 2.3σ higher normalisation for fossils with respect to non-fossils, we still treat this finding only as an indication, because on top of the statistical uncertainties on both quantities (which is quite large currently for the 400d fossils), there could also be an additional systematic uncertainty introduced due to differences in the luminosity determination in the different parent catalogues. Secondly, the archival nature of this sub-sample of 400d objects is biased towards systems lacking a SCC (table 2) and assuming that the remaining systems are SCC, then adding these objects could potentially increase the normalisation for the scaling relation, and the difference between the fossils and the groups sample would be higher than what we demonstrate here. We plan to explore this in greater detail in a future study of fossils scaling relations. 
Discussion
Though our results concern mostly the cores of fossil systems, these properties offer us interesting insights into their formation and evolution. Fossil systems not having experienced any recent major merger activity should have a pronounced cool-core with very short CCTs and 'typical' temperature profiles with a clear central temperature drop. The distribution of the CCTs and the shapes of the observed temperature profiles does not however seem to support this idea. Given that the BCG-EP separation is not large and that most fossils still have an EP-EWC separation less than 50 kpc, it seems unlikely that invoking mergers can easily explain the thermodynamic properties of the fossils.
A lot of these properties can be explained due to a non-gravitational process, in particular the AGN activity at the centres, which we speculate was much more powerful at an earlier epoch than it is now. Simulation results by e.g. Dariush et al. (2007) and Díaz-Giménez et al. (2011) point out that fossils assemble most of their masses at high redshifts. Interestingly, Díaz-Giménez et al. (2008) point out that while the virial mass of the groups were assembled at high redshifts, much of the BCG mass is assembled at much later epochs. Recent results by Méndez-Abreu et al. Table 6 . Comparison of the "bias-corrected" scaling relations for the 400d fossils and the Bharadwaj et al. (2015) sample by freezing the slope to 3. (2012) conclude that the BCGs of fossils underwent major dissipational mergers at earlier epochs, albeit most of the stellar content was assembled via dissipationless major mergers at later times. Thus, we speculate that during the relatively 'gas-rich' phase of mass assembly, the SMBH was strongly fuelled which led to strong AGN feedback such that an almost isothermal central region, or a centrally rising temperature profile was formed. When this phase ended, dissipationless major mergers continued to build the BCG, but there wasn't enough gas to fuel the SMBH strongly, pushing it into a state of relative quiescence. Eventually, for some objects, a small cool-core region was formed probably from the mixture of stellar mass ejecta and the surrounding ICM, not quite unlike thermal coronae seen in groups/clusters. This cool gas started feeding the SMBH, and is now probably involved in a self-regulated feedback cycle which leads to a much lower AGN activity. Four out of the five z < 0.05 fossils show extremely weak radio sources (Bharadwaj et al. 2014; Miraghaei et al. 2014; Condon et al. 1998) indicating that the AGN activity is definitely not strong currently, giving credence to this theory. Interestingly, simulation results by Burns et al. (2008) indicate that non-cool core clusters (cool cores here are defined by a central temperature drop in the temperature profile) at low redshifts (z < 0.3) have less halos in their neighbourhood as compared to CC clusters, while the situation was exactly reversed at z > 1. Though Burns et al. (2008) only discuss about clusters with virial masses greater than 10 14 M ⊙ , the under dense regions of fossil systems relative to other systems would seem to qualitatively agree with the idea that the progenitors of fossils originated in a region with a higher density of halos that strongly contributed to mergers, and the final mass assembly currently resides in a relatively under-dense region. This is also qualitatively in agreement with the observational results of Harrison et al. (2012) who base their conclusions via a study of the fossil ellipticals and the simulation results of Díaz-Giménez et al. (2011) .
The above speculation however, still does not explain the 'classical' temperature profile seen for cl1159p5531 and the high temperature fossils. One possibility is that the thermodynamic properties of the fossil systems are strongly dependent on the environment in which it was formed and it could be that these anomalous objects grew in a region relatively under-dense in halos that led to the formation of a proper cool-core via hierarchical, small-scale mergers (Burns et al. 2008 ) and led to relatively gentle AGN feedback throughout. Secondly, we don't rule out the possibility of the high temperature objects being falsely identified as fossils as the Eigenthaler & Zeilinger (2009) sample is largely based on the SDSS catalogue and it has been known for some systems to be wrongly classified as fossils in similar studies, only to be corrected later when better data was available (e.g. Zarattini et al. 2014 vs. Santos et al. 2007 ). Cl1159p5531 has a galaxy just outside the search radius which if included would not satisfy the magnitude criterion of Voevodkin et al. (2010) and be classified as a fossil in that study. Naively though, it seems unlikely that subtle changes in the magnitude gap would have a drastic impact on the ICM properties of these objects.
Summary
We have studied the core properties of 17 fossil systems from literature with data from the Chandra archives. The conclusions of our work can be summarised as follows: -Most fossil systems (82%) are identified as cool-core objects based on at least two diagnostics. Interestingly though, there are indications that most fossil systems are WCC objects and that the population of non-SCC fossils outstrip SCC fossils. -Fossil systems show a large range of temperature profiles with many cool-core objects lacking the expected clear central temperature drop. -We analysed the X-ray emission coincident with the BCG for fossils with z < 0.1 and conclude that these are not the typical X-ray coronae reported for some other objects. We speculate that the stellar X-ray component (if present) has mixed with the ICM. -We performed a deprojection analysis using the SBPs for fossils with z < 0.05 and derived their thermodynamic properties. These objects lack group-sized coolcores and show evidence for non-gravitational processes (AGN feedback in particular) based on the shallow powerlaw indices of their entropy profiles. -There are some indications that the normalisation of the L X − T relation is higher for fossils than for non-fossils. -We speculate that early, dissipational major mergers led to a strong fuelling of the central SMBH leading to powerful AGN feedback and this could explain the lack of group-sized cool-cores in low-temperature fossil groups. There are however anomalous cases which lead us to conclude that this is probably an incomplete picture of the formation and evolution of fossil systems.
In short, we have offered a glimpse into the nature of fossil systems through their core properties. In order to concretise these ideas, we will have to construct large, objectively selected fossils sample with high quality X-ray data; ideally with some mass/luminosity cut to distinguish between fossil groups and clusters. A key point here seems to be to also improve our understanding of the weak coolcore cluster/group regime, which till date has been probed poorly. These observational results will also need backing from detailed, high-resolution simulations which factors in feedback processes that would help us unravel substantial features in the growth of fossil systems and the impact on the properties of the ICM. 
